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ABSTRACT

The 25 — 1y transition of H;CO at 2 mm wavelength has been detected at three positions in dark
clouds. This confirms predictions based on 2 cm H,CO absorption studies. The 2 mm radiation
temperatures, together with the 2 cm data and recently computed cross sections for Hy~H,CO
collisions, are used to deduce cloud conditions. These in turn are used to predict the strengths of

emission lines from CS and HCN.
Subject heading: interstellar: molecules

I. INTRODUCTION

Surveys of the 6 cm absorption line of HyCO have
demonstrated that H,CO is present in many dark
clouds (Palmer ef al. 1969; Dieter 1973; Minn and
Greenberg 1973). Nonetheless, earlier searches in such
clouds for the 2 mm HeCO line had proven fruitless
(Kutner 1972). Because millimeter emission lines from
other molecules, notably HCN and CS, have also not
been seen in dark clouds, it has been concluded that
dark clouds lack the excitation conditions, especially
the hydrogen density, which produce these lines in
molecular clouds associated with H 11 regions. However,
one could equally well explain the absence of emission
from CS and HCN as due to a chemical, rather than a
physical, difference between dark clouds and molecular
clouds near H 11 regions. This ambiguity is not present
for H,CO, because its existence and approximate
column density can be established by studies of the
absorption lines at 6 cm and 2 cm. In fact, comparative
studies of these two absorption lines have indicated that
high densities and substantial trapping do exist in at
least some parts of dark clouds (Evans e al. 1975,
hereafter denoted EZMS). The ratio of absorption
strengths in the 2 cm and 6 cm lines was suggested as a
probe of density in dark clouds. As an unavoidable
consequence of the strong 2 cm absorption, EZMS
predicted that 2 mm emission lines with radiation
temperatures ~0.5 K should be detectable from posi-
tions in the Taurus cloud and L134 N. The former
cloud, studied by Kutner (1973), lies in a cluster of dark
clouds near L1529 (Lynds 1962). The cloud referred
to as L134 N by EZMS and others appears to be L183.

II. OBSERVATIONS

The observations were made with the 16 foot (5 m)
radio telescope of the M.W.Q.,! Ft. Davis, Texas. The

i The Millimeter Wave Observatory is operated by the Electri-
cal Engineering Research Laboratory of the University of Texas
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half-power beamwidth (HPBW) at 2 mm was 2’. The
40 channel filter bank gave a velocity resolution of
0.53 km s~ Calibration was accomplished by a rotat-
ing chopper wheel with the scale of radiation tempera-
tures set by the method of Davis and Vanden Bout
(1973). Sky conditions were clear and stable; the
absolute calibration should be good to 10 percent
(£ 1o).

The profiles of 2;; — 1 H,CO emission are shown in
Figure 1. Two positions in the Taurus dark cloud,
separated by 2’ in right ascension, and one position in
L134 N were observed. To select a region of relatively
uniform 2 cm absorption, the positions for observation
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Fic. 1.—Spectra of the 2;2 — 1y; transition from two positions
in the Taurus cloud and one position in L134 N. The (0,0) posi-
tion in Taurus is « = 0452943%4; 5§ = 424°16'55”. The position
in L134 N is a = 15851m30%0; 6 = —2°43’31” (1950 coordinates).
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at 2 mm were chosen midway between two adjacent
1 2 cm positions with equally strong absorption lines and

B! no velocity gradients. Because the 2 cm data were also

taken with a 2’ beam, a region which is uniform on this
1 scale should have been sampled by this technique. The
velocity and width of the 2 mm lines in the Taurus cloud
agree very well with those of the 2 c¢m lines. In L134 N,
the velocity at 2 mm differs from the 2 cm velocity by
0.5 km s7%, and the shape may be different. There was
some marginal evidence for a line-width variation in the
2 cm data; hence this may not be as uniform a region
as the one in Taurus.

In discussing radiation temperature, we use the
notation of EZMS, where ATgr;; represents the peak
radiation temperature in a line which connects levels ¢
and 7, and the four lowest levels of ortho-formalde-
hyde are labeled sequentially in order of increasing
energy. From Figure 1, the peak radiation temperature
at 2 mm, ATg;; = 0.7 + 0.1 K at the two positions in
the Taurus cloud. The 2 c¢m radiation temperature will
be taken as AT g3s = —0.28 - 0.04 K, an average of the 2
cm positions; the error is a representative random error
(1 o) at a given position and covers the range of
values at different positions. While ATgs is also
—0.27 + 0.04 K in L134 N, AT pis is 0.5 K, somewhat
less than in Taurus.

IIT. DISCUSSION
a) Cross Sections

The detection of 2 mm emission lines confirms the
predictions of EZMS. They found that enhancement of
cross sections from both levels of the J = 1 doublet
into the lower level of the J = 2 doublet (models II
and IIT of EZMS) was required to explain the observa-
tions. Recently the cross sections for He-H2CO collisions
have been determined in an accurate quantum-mechani-
cal calculation (Garrison ef al. 1975); these should also
provide a good representation of the Hs—F,CO cross
sections. While the theoretical cross sections differ
substantially from those used by EZMS (in particular,
transitions to the J = 3 doublet play a crucial role in
cooling the J = 1 and J = 2 doublets), the predicted
excitation temperatures, Ty and T34, are very similar
to those predicted by empirical model II or IIT of
EZMS. Furthermore, trapping calculations have shown
that the theoretical cross sections also predict ATz
and AT gss which are very similar to those predicted by
model ITI, but predict somewhat different 6 cm radia-
tion temperatures, ATzp. Thus the theoretical cross
sections generally introduce few changes into the inter-
pretation of EZMS, but they do allow the removal of
one major source of ambiguity in the interpretation of
H;CO observations. We have used the rates given by
Garrison ef al. (1975) for kinetic temperature, Tx =
15 K in the analysis described below; CO observations
suggest Tx ~ 12 K at the positions in question.

b) Cloud Models

Besides cross section uncertainties, the other primary
sources of ambiguity in interpreting observations have
been the treatment of radiative transport and the
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related questions of cloud meodels. This is especially
severe for linear molecules where, typically, all transi-
tions are optically thick and the effects of collisions and
trapping cannot be easily separated (cf. Goldreich and
Kwan 1974). H,CO offers substantial advantages in
this regard, as both optically thick (2 mm) and optically
thin (2 cm) transitions arise from the same state—in
this case, level 3. This makes it possible to derive
separately the hydrogen density, #u,, and the ortho-
H:CO column density, nL(H.CO).

We have used cloud models with constant density
and temperature and have treated the radiative trans-
port in the large velocity gradient (LVG) approxima-
tion, with both spherical [9(r) ~ 7] and slab geometries
and a velocity gradient of 1 km s~! pc~. Figure 2 shows
the predicted radiation temperatures. To obtain a
solution for #ng, and #L(H.CO), one uses the observed
AT gis to obtain values of #y,, AT rss, and AT g, for each
nL(HyCQ). This was done for a grid of nL(H,CO) spaced
by factors of 2'/4 and extending from 4.4 X 10 cm~2 to
12.5 X 1013 c2 (not all of these are shown in Fig. 2).
Theresults for AT g3 = 0.7 K are shown in Figure 3. The
effect of trapping in lowering the hydrogen density
required to produce a given 2 mm line is apparent; the
dependence of the 2 cm and 6 cm absorption strength
on the trapping, or nL(H,CO), is also apparent.
Therefore, the observed AT gz determines nL(H,CO)
and thus g, The solutions from Figure 3, and from
similar figures constructed for AT = 0.5 and 0.9 K,
are given in Table 1.

Also listed in Table 1 are the predicted AT r12; because
the ATz listed in Table 5 of EZMS were measured with
a large beam (6'-10), and because the positions of
deepest 2 cm absorption, hence highest #n,, were chosen
for the search at 2 mm, the fact that the models predict
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Fic. 2.—Predicted radiation temperatures as a function of
hydrogen density for two values of #L(H.CO): 4.4 X 10%% c¢m™2
and 8.8 X 10¥ cm~2 Theoretical collision rates for Tx = 15 K
were used in cloud models with large velocity gradients (LVG)
and both spherical and slab geometries. The dashed line indicates
the observed 2 mm radiation temperature, ATgs3, in the Taurus
cloud.
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& BT T T T T T T nor the Hy"*CO/H,"*CO ratio derived by EZMS. A
'Y 20F a) SPHERICAL LVG column density #L(H;3CO) = 8.8 X 10! cm2 predicts
S I5F - a 6 cm antenna temperature of —0.011 K, when
© ol ] corrected for hyperfine dilution; and EZMS observed
3 5l | —0.0098 K. The main uncertainty here is due to the
< 9 ‘ l L 1 1 10" beam used for the Hy'*CO observations.

¢) Errors and Uncertainties

The errors in Table 1 reflect only the errors in
ATgss (£1 o). The effect of errors in ATg; may be
seen by comparing solutions for ATg; = 0.5K and
0.9 K, representing +2 o errors for the Taurus result
of AT g3 = 0.7 K, or equivalently, + 30 percent calibra-
tion errors. The solutions for ATz = 0.5K would
nominally apply to the L134 N cloud, but caution is
required because the velocity and line-width agreement
was poor in this case. For the Taurus cloud, the column
density, nL(H,CO), is very insensitive to errors in
AT g3 or to differences in cloud models. The hydrogen
density, however, does depend quite strongly on the
value of ATz and on the choice of a sphere or a slab.
Within +1 ¢ errors on the observations, it is the
geometrical model that provides the limiting uncer-
tainties.

As mentioned above, both slab and spherical geome-
tries employ the large velocity gradient (LVG) approxi-
mation. Although no calculations with a microturbulent

5_5_‘ cloud model have been done with the theoretical cross
& sections of Garrison et al. (1975), such calculations
< -8F 7 were presented by EZMS for their empirical cross
section models. New calculations indicate that the

-81 . spherical LVG calculation with empirical cross sections
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F16. 3.—The bottom graph of Fig. 3a shows ATgy and ATz,
2 cm and 6 cm radiation temperature, versus #L(H,CO) subject
to the constraint that ATri; = 0.7 K. The dashed line shows
the value of ATrs; observed in the Taurus cloud. From the column
density where theory and observations agree, the hydrogen density
(top graph) is also determined. Fig. 36 presents the same quantities
predicted by a slab LVG calculation.

somewhat less absorption at 6 cm than is seen is not
surprising. Table 1 clearly shows the weakening of the
6 cm absorption as #m, increases. Maps of the 6 cm line
with a smaller beam would be helpful in checking
this picture.

The solution for #L(HoCO) of ~8 X 10'% cm—2 does not
change the fractional abundance of HyCO of 4 X 10~9

provides an excellent approximation to a microturbulent
calculation at #L(H.CO) = 4.4 X 10'® cm~% Thus a
spherical LVG calculation with the theoretical cross
sections should give a fair idea of what a microturbulent
calculation would predict, especially since the theoreti-
cal cross sections and the empirical model III cross
sections also produced very similar results in an LVG
calculation. If differences between microturbulent
and spherical LVG models are more significant at
nL(H,CO) = 8 X 10 cm™2, then a microturbulent
model would have somewhat higher densities than the
spherical LVG model.

d) Molecular Abundances in Dark Clowds

Returning to the question of molecular abundances
in dark clouds, we recall that the failure to detect HCN
and CS in dark clouds has often been attributed to

TABLE 1

Sorurions FrROM FIGURE 3

SprERICAL LVG S1aB LVG
ATz13 MH2 nL(H.CO) ATR1s #H2 #L(H,CO) AT g1
(K) (103 cm™3) (1013 cm2) (X) (108 cm—3) (1013 cm™2) (K)
0.5.......... 6.5+1.5 8.5+1.5 —0.65+0.04 2.0+0. 9.7+1.9 —-0.58+0.04
0.7 (Taurus).. 11.0£2.5 7.5+1:5 —0.48+0.05 3.5+0.7 8.0+1.6 —0.43+0.03
0.9.......... 16.0+3.0 7.4+1.4 —0.35+0.03 4.7+1.4 7.9£1.5 —0.30+0.02
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densities insufficient for excitation. The present results
allow a critical reexamination of this hypothesis for the
positions where 2 mm H,CO emission is seen. Trapping
calculations were performed with the cloud conditions
derived above and with theoretical collision rates for
CS (Lucas 1974) and HCN (Green and Thaddeus 1975).
I n(CS) = n(H2CO), then AT gn 2 1.8 X and AT r1s Z
0.8 K are predicted for CS. An upper limit of ATzn <
0.5K in L134 N (Turner ef al. 1973) suggests that
#(CS) < 0.25 n(H,CO). For HCN, ATzn ~ 1.0 K was
predicted if #(HCN) = »n(H;CO). The abundance of
CS is similar to that of H,CO in clouds near H u
regions (Turner et al. 1973; Liszt and Linke 1975).
The abundance of HCN relative to H, in molecular
clouds near H 11 regions is poorly known; estimates
range from 8 XX 10~ (Clark, Buhl, and Snyder 1974)
to 3 X 108-10~% (Kwan and Scoville 1975). If the
latter estimate is correct, sensitive searches for HCN
in dark clouds could limit its abundance to 1/30 that in
molecular clouds near H 11 regions. Thus observations
of CS and HCN in the Taurus cloud and in L134 N
would lead to information on whether the chemistries
that prevail in dark clouds are different from those in
clouds near H 11 regions.

While this paper was in press, Martin and Barrett
(1975) reported detection of CS from a position 1’ from
our position in the Taurus cloud. While their value of
ATgi = 053K is readily explained with #(CS)/
#(H,CO) = 0.5-0.7, their value of ATgm is much
stronger than expected at these relative abundances
and the cloud conditions in Table 1. Because their
calibration for the 1— 0 line seems less secure, the
above relative abundances are probably correct.

IV. CONCLUSIONS

The detection of 2 mm emission lines from H.CO at
three dark-cloud positions confirms the predictions of

EVANS AND KUTNER

EZMS. The present results indicate densities in the
Taurus cloud positions of #g, ~ 10* cm™2. The sugges-
tions of EZMS that #(H.CO)/#m, ~ 4 X 10~° and
H2CO/H2*CO ~ 90 in Taurus and L134N are sup-
ported by the present results. The use of cloud condi-
tions determined from H,CO in models for CS and
HCN emission indicate that if those molecules have
abundances equal to H.CO, they should be easily
detectable. An existing upper limit on the 1—0 CS
line in L134 N suggests that #(CS) < 0.25 »n(H.CO),
in apparent distinction to the case in molecular clouds
near H 11 regions, where #(CS) ~ #n(H.CO).

These observations should be distinguished from
detections of 2 mm H,CO emission in active dark cloud
regions, as indicated by CO or *CO hot spots, far-
infrared emission, or visible nebulosity—for example,
the Ophiuchus cloud (Encrenaz 1974). The present
results show that dark clouds with no distinctive optical
features or marked CO enhancement may also produce
emission from millimeter lines, indicating the existence
of dense regions. The small-scale (1'-2') variations in
AT gsanoted by EZMS suggest a region of fragmentation
and local contraction; such regions are the logical
precursors of dark cloud regions with infrared objects,
heated CO, and compact H 11 regions.
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